Here, we report a novel social orienting response that occurs after viewing averted gaze. We show, in three experiments, that when a person looks from one location to an object, attention then shifts towards the face of an individual who has subsequently followed the person's gaze to that same object. That is, contrary to 'gaze following', attention instead orients in the opposite direction to observed gaze and towards the gazing face. The magnitude of attentional orienting towards a face that 'follows' the participant's gaze is also associated with self-reported autism-like traits. We propose that this gaze leading phenomenon implies the existence of a mechanism in the human social cognitive system for detecting when one's gaze has been followed, in order to establish 'shared attention' and maintain the ongoing interaction.
Introduction
Humans, among other species, spontaneously follow the gaze direction of other individuals to orient their own attention towards a common object-establishing 'joint attention' [1] . The attentional underpinnings of joint attention can be studied with the gaze cueing paradigm, which has shown that orienting in the direction in which someone else is looking appears to occur in a rapid and robust manner (e.g. [2, 3] ; see [4] for review). Following gaze to establish joint attention is beneficial to the 'follower' as they may learn about important stimuli, infer the mental state of others and predict their future actions (e.g. [5] ).
Where there is a follower, there is also a 'leader', who has effected change on their social environment. A great deal of research has focused on investigating how we code others' gaze direction (e.g. [6] ). In dynamic interactions, however, it is also important to detect the effects that our own gaze behaviour has on others [7] , and relatively less is known about how this is achieved. Therefore, to understand the mechanisms underpinning joint attention more completely, we need to consider the 'initiator', in addition to the 'responder' [8, 9] . Some intriguing findings regarding gaze leading have recently been uncovered using gaze-contingent paradigms so that face stimuli 'respond' to the participant's gaze behaviour, showing that 'being followed' has consequences for various components of joint attention (e.g. [10, 11] ). For example, gaze leading positively influences affective processing [12] [13] [14] and recognition memory for gaze leaders [15] . It is likely that gaze coding mechanisms, spatial attention and social cognitive systems could be involved in detecting and maintaining iterative social orienting behaviours such as when one's eyes are followed by a conspecific [7, [16] [17] [18] .
Here we focus on elucidating the putative attention mechanisms engaged when one detects that one's gaze has been followed. It is reasonable to hypothesize the existence of a mechanism that emerged to potentiate beneficial social interactions by driving the detection of such positive interactions. In a sense, when our eyes are followed, another individual has 'imitated' our attentional state. Imitation is crucial for the development of social cognition [19] , and many primate species recognize being imitated [20, 21] (see also [22] ). It is possible that having your gaze followed could be similarly salient. Therefore, here we ask whether causing another individual to change their attentional state & 2015 The Author(s) Published by the Royal Society. All rights reserved.
to one of joint attention has an effect on spatial attention in the initiator. We hypothesize that the gaze leader-once followed-will shift their attention towards the follower. Discovering such a response would imply a mechanism that drives humans to establish a state of 'shared attention' [23] . Shared attention is where one individual follows another, but additionally, both individuals are aware of their common attentional focus. Shared attention is therefore a more elaborate, reciprocal, joint attention episode that is thought to be expressed only in humans [24] [25] [26] , and may play a particularly crucial role in language acquisition [27] .
To determine whether an orienting mechanism facilitates shared attention, we conducted a series of computer-based laboratory experiments in which we assessed attention shifts towards peripherally presented faces. In each experimental trial, the participant would look from a fixation point in the lower portion of a display to an image of a real-world object located centrally. Our design therefore incorporates two important aspects of joint attention. First, one agent actively reorients attention elsewhere to gain visual information, and second, this eye movement foveates a meaningful object [28] . The latter object-based nature of joint attention is required by definition [23] and is critical in human social development [29] . Then, one face would look at the location to which the participant had looked and another face would look in the opposite direction. By comparing manual reaction times (RTs) to discriminate targets appearing on these faces, we could assess whether a face that follows the participant's eyes captures attention.
Experiment 1
Participants responded to targets appearing in four possible locations: on two faces to the immediate left and right of the centrally presented object, and two other faces presented more peripherally (aligned horizontally; figure 1 ). After the participants had moved their eyes from the lower fixation cross to the central object, the two innermost faces would simultaneously open their eyes and look in a common direction (left or right), meaning one face looks towards the central object while the other looks away. A target letter would appear on the bridge of the nose of one of the four faces. The two innermost faces are the critical target loci for evaluating our hypothesis, but performance at the peripheral loci could also be informative. Our hypothesis is that participants will orient towards a face that suddenly looks at the location to which they are currently looking, and respond to targets appearing there more quickly than at any other location.
(a) Method
In all experiments, we have reported how we determined our sample size, all data exclusions (if any), all manipulations and all measures we have collected [30] .
(i) Participants
Thirty-two adults (mean age ¼ 19.2 years, s.d. ¼ 1.6 years; eight males) took part in return for course credit or payment (as in this experiment and in all others). Owing to calibration and tracking difficulties, three participants completed only three of four blocks. Participants in all experiments reported normal or corrected-to-normal vision. We aimed to collect data from approximately 30 participants and stopped at n ¼ 32, for convenience, at the end of a block of booked testing sessions.
(ii) Apparatus and stimuli
Face stimuli consisted of greyscale photographs taken from an existing stimulus set [31] . Eight identities with a calm facial expression were used (four female). For each face identity, three images were used such that each identity could be displayed with closed eyes, leftward gaze or rightward gaze. Each face image measured 50 Â 64 mm. Two faces appeared on each side of the central cross; the centre-point of the innermost participant fixates the lower cross 500 ms object appears, participant fixates object 300 ms averted gaze onset SOA: 100 or 400 ms target onset until manual response rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151141 faces was 33 mm away from the centre, and the centre-point of the outermost faces was 84 mm away from the centre. Participants began each trial fixating a second cross 65 mm directly below the central cross. Face identities were randomly assigned to each position on each trial, with the constraint that a given identity could only appear in one location per trial. The referent object of the joint attention episode was one of 16 not-to-scale images of objects commonly found in the kitchen, randomly selected on each trial [32] . Target letters (N or H; 18 pt purple bold Arial, 4 Â 4 mm) were presented on a white background (6 Â 6 mm). Stimulus presentation was controlled by a standard desktop computer with a 46 cm screen (1024 Â 768 px), and manual responses were made on a standard keyboard. Participants were positioned comfortably in a chin-rest. Right eye position was recorded (Eyelink 1000, SR Research, Ontario, Canada; spatial resolution 0.18, 500 Hz). In this and subsequent experiments, the Autism Spectrum Quotient (AQ) questionnaire was used to measure autism-like traits of participants [33] , which has previously been shown to share a relationship with social orienting of attention [34] [35] [36] .
(iii) Design A 4 (target location: 'face with eyes closed and looked away from', 'joint attention face', 'non-joint attention face', 'face with eyes closed and being looked at') Â 2 (cue-target stimulus onset asynchrony-'SOA': 100 ms, 400 ms) withinsubjects design was used. Although we used four target locations, the two critical target locations are the innermost ones ('joint attention face' and 'non-joint attention face'). We used the additional target locations to assess how attention was distributed beyond these two locations. RTs and accuracy rates were measured.
(iv) Procedure
Participants sat approximately 70 cm away from the display. Each trial started with the two fixation crosses (central, and 65 mm below) along with the four faces aligned on the horizontal midline, two either side of the central cross (figure 1a), on a black background. On each trial, the participant first had to fixate the lower cross for 500 ms, which would trigger the replacement of the central cross with an image of an object, which was their cue to saccade to and fixate the object. After fixating the object for 300 ms, the innermost faces were then both displayed with averted gaze in a common direction (left or right) for either 100 or 400 ms SOA prior to target appearance (figure 1c). Thus, for example, the face to the right of fixation would 'look' leftwards towards the central object, while the face to the left of fixation, also looking leftwards, looked away from the object. Next, a target letter was presented on the bridge of the nose of one of the four faces until a response was made, or until timeout (5000 ms), whichever came first. Note that although participants were asked to fixate the central object in order to progress through each trial, they were given no specific instructions regarding maintaining fixation following cue or target appearance. Participants responded to targets with their preferred index finger on the H key for 'H' targets and with the thumb of the same hand on the spacebar for 'N' targets. Speed and accuracy of manual response was emphasized. Finally, a feedback screen was displayed for 1500 ms-this was a black screen after a correct response, but showed a red central cross after an incorrect or non-response. The experimenter was present for the duration of the session. Female experimenter L.J.S. tested 18 participants; male experimenter S.G.E. tested 15 participants. The experiment comprised 256 trials (split evenly into four blocks) and the session took approximately 60 min. (ii) Reaction times A total of 1.7% of trials were discarded as outliers. A 4 (target location: joint attention, non-joint attention, looked at, not looked at) Â 2 (SOA: 100 ms, 400 ms) repeated-measures Table 1 . Mean and s.d. (in parentheses) for reaction times (RT; ms) and accuracy (%) in all conditions and the gaze leading effect magnitude (ms; RT at NonJoint Attention face minus RT at Joint Attention face. Note: positive numbers indicate a bias towards the Joint Attention face) in Experiments 1 -3. Face types are referred to as: N, Not looked at; JA, Joint Attention; nJA, Non-Joint Attention; L, Looked at by both faces. In summary, responses were faster to targets appearing on the face that had looked at the object to which the participant had looked. This is in line with our prediction and is the first evidence that faces that follow our gaze to an object capture attention. Indeed, in this experiment, attention shifted in the opposite direction to that which would be predicted by 'gaze cueing', which is somewhat surprising given how powerful gaze following can be. Could our data in fact reflect gaze cueing after the engagement of inhibitory mechanisms of attention, namely inhibition of return (IOR) [38] ? This is unlikely as IOR is extremely difficult to observe in gaze cueing paradigms, emerging only at very long SOAs exceeding 2000 ms [39, 40] . Our effects emerge at 100 and 400 ms SOAs-time intervals at which it is not straightforward to elicit IOR even with sudden onset cues [39] [40] [41] . Facilitation of attention towards the location of a person who has followed one's gaze is the parsimonious explanation for our observation. This therefore shows for the first time that attention orients towards a face that has looked at the same object to which an initiator of joint attention has looked: the gaze leading effect.
(b) Results and discussion

Experiment 2
It is necessary to replicate this novel finding and to validate our paradigm. In experiment 2, we simplified the display by removing the peripheral faces, providing only two target locations (the innermost locations). The outermost target locations have been informative in experiment 1, being consistent with-but not critical to the evaluation of-our hypothesis.
(a) Method
Thirty-two adults (mean age ¼ 19.6 years, s.d. ¼ 1.5 years; five men) took part. Owing to technical difficulties three participants completed only three of the four blocks. The stimulus display was similar to experiment 1, except that only two faces were displayed (in the innermost positions). There were now only two possible target locations, and thus half as many trials (four blocks of 32 trials) in a 2 (target location) Â 2 (SOA) repeated measures design. Experimenter S.G.E. tested all participants. (F 1,31 , 1) . The effect of target location was not significant at the 100 ms SOA (t 31 ¼ 21.66, p ¼ 0.11, dz ¼ 0.29) and was significant at the 400 ms SOA (t 31 ¼ 22.10, p ¼ 0.044, dz ¼ 0.37). Therefore, we replicated the gaze leading effect, again showing that attention shifts preferentially towards the face of an individual that has followed the participant's gaze.
(b) Results and discussion (i) Accuracy
(F 1,31 ¼ 3.81, p ¼ 0.060, h 2 p ¼ 0:110); the trend is in the same direction as the RT effect (described below). The main effect of SOA was significant (F 1,31 ¼ 12.0, p ¼ 0.002, h 2 p ¼ 0:28
Experiment 3
In experiments 1 and 2, only the joint attention face looks towards an object. Thus, it may be plausible that instead of this phenomenon being a 'gaze leading effect', related to shared attention, it could be that observing a face look at an object more strongly captures attention than a face that looks away from an object. Therefore in experiment 3 we replicated experiment 2, adding copies of the centrally presented object to the far left and right of the faces (figure 2). This meant that both faces would always look in a common direction and at an identical meaningful object. However, only one of the looked-at objects would be a joint attention referent. We predicted that the gaze leading effect would again emerge under these conditions.
(a) Method
Thirty-two adults took part (mean age ¼ 19.8 years, s.d. ¼ 1.5 years; 11 males). Owing to technical difficulties two participants completed only three of the four blocks. The stimulus display was identical to that of experiment 2 except that the same object image that appeared at the central location simultaneously appeared to the left and right of the faces, positioned so that each face was equidistant from the central and a peripheral object ( figure 2) . Experimenter S.G.E. tested all participants.
(b) Results and discussion (i) Accuracy
Participants responded correctly on 96.17% of trials (s.d. ¼ 3.58%). There was no main effect of target location or SOA (Fs 1,31 , 1) , but there was a significant interaction (F 1,31 ¼ 6.48, p ¼ 0.016, h 2 p ¼ 0:173Þ due to slightly lower accuracy for the shorter SOA at the joint attention location than at the non-joint attention location, whereas the reverse was the case at the longer SOA (table 1).
(ii) Reaction times
A total of 1.4% of trials were discarded as outliers. The main effect of target location was significant (F 1,31 ¼ 4.45, p ¼ 0.043, h 2 p ¼ 0:13Þ due to significantly faster responses at the joint attention (589 ms) versus non-joint attention face (599 ms) location. There was a significant main effect of SOA (F 1,31 ¼ 114, p , 0 (F 1,31 , 1) . Like experiment 2, the effect was not reliable at the 100 ms SOA (t 31 The gaze leading effect of faster RTs towards targets appearing on the joint attention face was again replicated. Therefore, this phenomenon is unlikely to be due solely to viewing a face look towards an object per se, but instead seems to be a result of engaging specifically in an interaction in which one's gaze is followed to a common object.
Relationship between the gaze leading effect and autism traits
Participants in each experiment completed the autism spectrum quotient, which is designed to assess sub-clinical autism traits [33] . Gaze leading effect magnitude was calculated for each participant (mean RT to targets appearing on 'non-joint attention' faces minus RT to targets on 'joint attention' faces). None of the individual experiments revealed a significant relationship with AQ score (experiment 1,
Nevertheless, individual differences measures are less reliable with the sample sizes that we used here-principally to detect a behavioural effect at the group level (e.g. [42] ). So we note, with caution, that combining the samples from experiments 1-3 revealed a significant negative relationship (r 96 ¼ 20.22, p ¼ 0.03). This indicates that participants with more selfreported autism-like traits show weaker attentional orienting towards faces that had followed their gaze, compared with individuals with lower AQ scores. Such a relationship has been noted before between gaze cueing and the AQ [34] . This finding could prove particularly insightful regarding gaze leading, as it has been noted that social attention deficits in autism spectrum disorders may be more pronounced in initiating joint attention than gaze following [43] .
General discussion
We have demonstrated, for the first time, that people rapidly orient their attention towards an individual who has followed their gaze and established joint attention. When participants move their eyes to a newly appeared object, they then shift their attention preferentially to a face that subsequently looks at that same object. This effect implies the existence of an attentional mechanism that prioritizes conspecifics whose overt attention we have influenced-thereby establishing a state of shared attention where both parties are aware of their common overt attention towards a referent object. This mechanism may serve a critical function in supporting social interaction and cooperation [25] . We contend that the object-based nature of joint attention is critical to the sophisticated mechanisms underpinning social orienting. That two parties are attending the same object, rather than merely orienting in the same direction, distinguishes the definition of joint attention from mere gaze following [23] . We have empirical evidence for this notion that we briefly note here. Prior to the three experiment series reported above, we conducted two preliminary experiments, similar to experiment 1. In one of these experiments (n ¼ 33), we only displayed a fixation cross in the centre of the rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151141 screen-no image of a real-world object was presented. Here, the gaze leading effect was not reliable (5 ms, p ¼ 0.44). We propose that this is because a fixation cross does not constitute an ecologically valid 'object' with which one can engage in joint attention. The kitchen object stimuli used in experiments 1-3 are everyday items with an intrinsic expectation of interaction. When someone follows our gaze to an item that affords interaction we can expect that the joint attention responder will interact with that object [44, 45] or make an inference about our state of mind about it [46] .
It is notable that although this orienting behaviour is consistent with evolutionary [23] and developmental [29] theories of social cognition, this effect necessarily implies that to achieve a state of shared attention, one must counterintuitively orient in the opposite direction to observed gaze. Our data therefore are in direct opposition to dozens of reports on gaze cueing (see [4] for review), including some papers that presented faces outside the fovea [3, 47] . So it is very surprising that our stimulus array did not produce gaze cueing. However, in another preliminary experiment (n ¼ 18), we did demonstrate gaze cueing could emerge with our stimuli. Here, we used no referent object image but moreover we did not ask participants to make an 'initiation' eye movement. Here, participants oriented in the direction of observed gaze (11 ms gaze cueing effect, p ¼ 0.016). Hence, when there is no active initiation of joint attention, the exact same stimulus layout can elicit a different social orienting response. This demonstrates that these effects are highly context-dependent in a manner that is directly predicted from theories of social attention that emphasize the importance of actively establishing joint attention with objects [24, 48, 49] .
When the 'gaze cueing' effect was first examined in the laboratory [2, 50, 51] , one question that was immediately posed was whether gaze cueing reflected the operation of specialized social mechanisms. The finding that arrow cues cause an almost identical cueing effect implies that a domain general attention mechanism could underpin both effects [28] . Does the same apply to the gaze leading effect? In a follow-up experiment identical to experiment 1 but with arrows in oval placeholders instead of faces, we found no effect of cue direction (n ¼ 31, p ¼ 0.80). So this suggests that, unlike gaze cueing, the gaze leading effect is an orienting response that only faces can elicit, and therefore could be a special form of social orienting. However, we make this claim with caution because the explanatory power of direct comparisons between peripherally presented gaze and arrow cues is not completely clear (but see [52, 53] ).
If an individual does not efficiently detect the effects they have had on their social partners, they may be less likely to continue successfully with on-going reciprocal interactions. So it is interesting to note that, across experiments 1-3, the overall strength of the gaze leading phenomenon correlated negatively with participants' self-reported autism-like traits. Therefore, a particularly important avenue for future work is to investigate whether this orienting response is present in clinical groups with impaired spontaneous social orienting (e.g. autism spectrum conditions [54] and neuropsychological patients [17, 55] ). If this social orienting response is particularly impaired in autism, then this could go some way to accounting for deficits in initiating joint attention behaviours found in these individuals [56] .
The gaze leading effect is likely to be driven by neural substrates dedicated to gaze processing, but the data suggest that it dissociates from gaze cueing. This supports the notion that distinct cognitive and neural mechanisms are engaged when initiating joint attention, compared with responding to social gaze [9, 10, 14, 57] . We suggest that the underlying mechanism relies on the peripheral detection of gaze, probably supported by neural structures such as the amygdala [17] , with the detected gaze direction being encoded in the anterior superior temporal sulcus (aSTS), and reorienting of attention driven by the inferior parietal lobule [16, 18, 58] . Other systems may be involved, however. Initiating joint attention has also been specifically related to brain regions associated with representing the self [56] and reward [10, 14] . Future research will benefit from exploring how attention and reward systems interact in typical and atypical social attention.
A further avenue of interest might be to explore this effect as one of social influence. Detecting that you have caused an individual to re-orient their attention to align their attention with yours may be a socially rewarding experience [7, 14] , akin to a social approach [59] or detecting that one has been imitated [22] . We already know that macaque [60, 61] and human [62, 63] social attention is influenced by affiliation, perceived dominance or status of the other individual. One could speculate the converse relationship-that being followed could promote feelings of empowerment in the 'leader' as they exert control over others' behaviour (even incidentally). Further, the neural correlates of joint attention initiation have also been suggested to be involved with selfmonitoring [57] . Therefore, an interesting future line of enquiry would be to establish whether a feeling of agency in the gaze leader is important in these episodes, for which the time course of these interactions will be critical [48] .
Many other species, particularly primates, display highly sophisticated use of the social attention cues of conspecifics and other animals (see [61,64 -67] ). Although many species follow gaze, skills in initiating joint attention are better developed in humans (e.g. [68, 9] ; see also [56] ). On one hand, gaze leading may be unique to humans. This is possible because we know that shared attention is important in human language acquisition [27] , making it possible that the phenomenon we report reflects an attentional mechanism that co-evolved with language. On the other hand, we also know that information transfer of heading direction, in human and animal groups, can emerge via local interactions between individuals [69] [70] [71] , including human social attention [72] . It is possible that gaze leading could be an additional factor in social group interaction as information is propagated back to its original source as feedback that would influence iterative leader-follower interactions.
In conclusion, we suggest that the 'gaze leading' orienting response underpins the establishment of shared attention and promotes the continuation of a reciprocal social interaction. The finding may provide insights into conditions associated with deficits in social cognition, human development and comparative psychology. These data show that social orienting responses are critical not only for processing first-order social behaviour but also for interpreting the iterative effects that our own social signals have on the behaviour of others. 
